properties, routing algorithms, efficient VLSI layout and other aspects of shuffle-exchange networks (Steinberg & Rodeh, 1981; Sparso et al., 1991) . The fact that shuffle-exchange networks have smaller diameter than equal sized meshes motivates us to investigate them as the underlying topology for on-chip networks. In this chapter, we propose a 2D shuffle-exchange mesh (SEM) topology for NoC implementation. We compare the two most important NoC factors (latency and power) of the same sized mesh and SEM NoC architectures. To this end, we have implemented the networks in question in a NoC simulator. Using this simulator, a routing scheme for the SEM has been developed and the performance and power consumption of the two networks have been evaluated under similar working conditions. The simulation results show that the SEM, while having equal implementation cost, consumes lesser energy and exhibits higher performance compared to the traditional mesh network. In this chapter, we will introduce the two-dimensional SEM topology, and develop a deadlock-free routing algorithm for it. We also compare the power consumption and network performance of equal sized SEM and mesh NoCs.
The 2D SEM topology

The structure
The traditional shuffle-exchange network ( Figure 1 shows an 8-node shuffle exchange network) is first proposed in (Stone, 1971 ). This topology is one of the most popular interconnection architectures for multiprocessors and multicomputers due to its scalability and distributed self routing capability (Kim & Veidenbaum, 1995) . Several researchers have studied the topological properties (Park & Agrawal, 1995; Pifarre et al., 1994) and efficient VLSI layout (Steinberg & Rodeh, 1981; Sparso et al., 1991) of the shuffle-exchange networks. In a shuffle-exchange network, each node is identified by a unique n-bit binary address, hence the network size (number of nodes), N, equals 2 n . Two nodes are connected to each other if either their addresses differ in the last bit or one is a one-bit cyclic shift of the other. To establish these connections, two operations namely, shuffle and exchange, are used. With shuffle and exchange operations, message is circulated among network nodes until it reaches the destination node. These operators that are defined on an n-bit address pattern (A n-1 A n-2 . . . A 1 A 0 ) as follows:
Shuffle: (A n-1 A n-2 . . . A 1 A 0 ) = A n-2 A n-3 . . . A 1 A 0 A n-1 Exchange: (A n-1 A n-2 . . . A 1 A 0 ) = A n-1 A n-2 . . . A 1 A 0 Each node generates two connections to other nodes via shuffle and exchange operations and accepts two connections from other nodes. Since these connections are unidirectional, the degree of the network is the same as the one-dimensional mesh (linear array). The diameter of a shuffle-exchange network with size N is 2×log(N)-1 which is the minimum distance between nodes 0 and 2 n -1. Some researchers, e.g. in (Padmanabhan, 1991) , have proposed different flavors of shuffleexchange network structures and corresponding routing algorithms to allow more flexible network sizes instead of a complete size of 2 n . In this chapter we propose a two-dimensional shuffle-exchange network architecture for network-on-chips. The architecture of this network is depicted in Figure 2 . In this network, the nodes in each row and column form a shuffle-exchange network. Fig. 1 . An 8-node shuffle-exchange network; the bold lines are generated by exchange operation and other lines are generated by shuffle operation (Dally & seitz, 1987) .
In each direction, each node has two outgoing edges along which it can send data packets to other nodes and two incoming links in each dimension and thus, has 8 unidirectional links in two dimensions. Thus, the number of links per node in the 2D SEM is equal to that in a traditional mesh network (i.e., 4 bidirectional links). Since the node degree of a topology has an important contribution in (and usually acts as the dominant factor of) the network cost, the 2D SEM and mesh NoCs have almost the same cost. However, the network diameter of the 2D SEM is smaller than the diameter of the equivalent mesh. More precisely, the diameters of a 2D SEM and a mesh are 4×log(2N 0.5 )-2 and 2(N 0.5 -1), respectively where N is the network size. In shuffle-exchange networks, every link generated by an exchange operation has one corresponding link in the mesh network. However, the links generated by shuffle operations connect some non-adjacent nodes (in equivalent mesh) and reduce the distance between two end points of the network. Compared to a mesh, although establishing the shuffle links remove the link between some adjacent nodes (for example 2 to 1, 6 to 5 and 3 to 4 connections in Figure 1 ) and increases their distance by one hop, the distance between a larger number of nodes is decreased by one or multiple hops and this leads to a considerable reduction in average distance of the network. Although the dominant factor of the network cost, the node degree, in 2D SEM and mesh networks are exactly the same, unlike the mesh topology the 2D SEM links do not always connect the adjacent nodes and hence, their lengths are not the same. This can lead to some variations in the delay and power of the network links and may also have link placement difficulty. The latter can be solved by a number of efficient VLSI layouts proposed for shuffle-exchange networks (Steinberg & Rodeh, 1981; Sparso et al., 1991) . Moreover, since the operating frequency of a NoC is often determined by the router critical path, the long wires may not degrade the NoC speed. However, in the case of frequency degradation, the pipelined packet switching technique (Duato et al., 2002) which involves inserting some one-flit buffers for the links can solve the problem. The effect of longer links on power consumption has been considered in our simulation results (presented in the next section).
Routing algorithm
During past years, a number of routing algorithms have been developed for traditional shuffle-exchange networks. Dally (Dally & Seitz, 1987) presented a routing algorithm which routes the packets from the source node toward the destination by changing the address one bit at a time, starting from the most significant bit of the n-bit source address in a 2 n -node network. At the i-th step of the algorithm, the (n-i)-th bit of the destination address is compared to the LSB of the current address. If these two bits are equal, the message is routed over the shuffle channel to keep the bit unchanged and rotate the address. Otherwise, the message is routed over the exchange channel to make the two bits identical and then over to exchange channel to rotate the address. This algorithm involves a maximum of 2n communication steps between adjacent nodes along the path from the source to the destination node. However, this algorithm can not always find the shortest path for some source and destination pairs (Dally & Seitz, 1987) . In order to be deadlockfree, this algorithm requires n virtual channels per physical channel and the message uses the i-th virtual channel at the (n-i)-th step. Since in this virtual channel selection scenario routing is performed in order of decreasing order of virtual channel number, the dependency graph of virtual channels is acyclic and the routing is deadlock-free (Dally & Seitz, 1987) . Park (Park & Agrawal, 1995 ) improved Dally's routing (Dally & Seitz, 1987) using lower number of virtual channels per physical channel. They logically partition the network into several acyclic sub-networks and assign a rank to the sub-networks. Applying Dally's routing, the virtual channel number is increased only if the message enters a new partition with higher rank. As a result, the number of required virtual channels is reduced to
Pifarre (Pifarre et al., 1994) introduced another deadlock-free routing algorithm for shuffleexchange networks using only 4 virtual channels per physical channel regardless of the network size. However, in this algorithm, the maximum number of hops taken by a message increases from 2n (in Dally's algorithm (Dally & Seitz, 1987) ) to 3n. It first decomposes the network into some so called shuffle cycles by considering the network without exchange links. Note that every node in a shuffle cycle has the same number of 1s in its binary address which is defined as the level of a shuffle cycle. The routing algorithm involves two phases. In phase 1, at any step, a message stays in a shuffle cycle (if it is routed along a shuffle arc) or it is routed to a shuffle cycle of a higher level (if it is routed along a shuffle-exchange arc). In phase 2, the message is successively routed in shuffle cycles of decreasing levels. Consequently, every path has at most 3n steps: at most 2n shuffle steps and n exchange steps. The shuffle cycles can be made deadlock-free, in phase 1, by allocating two virtual channels. By allocating two more virtual channels for each shuffle arc, routing in shuffle cycles can be made deadlock-free, in phase 2. For shuffle-exchange, we use a routing algorithm based on the algorithm proposed in (Pifarre et al., 1994) . The algorithm decomposes the entire graph into several shuffle-cycles and constructs two increasing (in which the nodes are traversed in increasing number) and decreasing (in which the nodes are traversed in decreasing number) graphs as shown Figure  3 . The algorithm involves two phases. The first phase, the increasing phase, visits the shuffle cycles in increasing order and the bit positions which are '0' in the source address and '1' in the destination address are changed to '1'. The other phase (the decreasing phase) visits the nodes in decreasing order in respect to their levels and bit positions which are '1' in the source address and '0' in the destination address are changed to '0'. We used the modified algorithm which removes the self loops and makes the path shorter. As can be seen in Figure 3 , the shuffle cycles in the increasing graph can be made deadlockfree by allocating two virtual channels which break the cycle. By allocating two more virtual channels for each shuffle cycle, routing in shuffle cycles can be made deadlock-free along the decreasing graph in phase 2, as well. Therefore, the network should have 4 virtual channels per physical channel to make our algorithm deadlock-free. Now, after designing a routing scheme for the shuffle-exchange, we develop a deterministic and an adaptive routing mechanism for the 2D SEM. Like XY routing algorithm in mesh networks, the deterministic routing applies the above-mentioned routing mechanism in rows first in order to deliver the packet to the column at which the destination is located. Afterwards, the message is routed to the destination by applying the same routing algorithm in that column. Obviously, adding the second dimension in this routing scheme does not generate a cycle and is deadlock-free provided that the routing in each dimension is deadlock-free (Duato et al., 2002) . In the adaptive routing mechanism, on the other hand, all possible minimal paths between a source and a destination node are of potential use along the path depending on the traffic congestion and network conditions. Since each node is connected to the nodes in its row and column via a shuffle-exchange network, in each node, the routing algorithm routes the packets along one of the two networks based on the traffic congestion and resource availability. We avoid deadlocks using a deadlock-free routing methodology presented in (Duato, 1995) which divides the virtual channels into two adaptive and deterministic parts and uses the deterministic part upon message blockage in adaptive part. 
Comparison results
In order to compare the energy dissipation and performance of the 2D SEM with the mesh, we have used a modified version of the Popnet NoC simulator (Popnet, 2007) . The simulator can simulate and calculate the performance measures of NoCs under different traffic patterns and supports virtual channel-based wormhole switching. It also includes the Orion power library (Wang et al., 2002 ) that can calculate the energy dissipated in the NoC under simulation. For our experiments, we set the network link width to 32 bits (flit size = phit size =32 bits). The power is calculated based on a NoC with 180 nm technology whose routers operate at 250 MHz. The simulation results is obtained for an 88 mesh interconnection network with XY routing algorithm and an 88 2D SEM using the routing algorithms described in the previous section. The message length is assumed to be 32 and 64 flits and 4 and 6 virtual channels per physical channel are used. Messages are generated according to a Poisson distribution with rate  , and the destinations of the messages are uniformly selected from the network nodes. In Figure 4 , the average message latency is plotted as a function of message generation rate at each node for the mesh and 2D SEM networks using deterministic routing (which involves 4 virtual channels) for two different message sizes. As can be seen in the figure, the 2D SEM has smaller average message latency with respect to the equivalent mesh network. The reason is that the average inter-node distance of the 2D SEM network is lower than the equivalent mesh network. Fig 4. The average message latency of deterministic routing in the 64-node 2D SEM and mesh networks using 4 virtual channels per physical channel with message length a) 32 flits and b) 64 flits. Figure 5 compares the latency results of adaptive and deterministic routing schemes in a 2D SEM. In order to conduct a fair comparison, both routing algorithms use 6 virtual channels per physical channel (deterministic routing algorithm employs 6 virtual channels per physical channel while adaptive routing algorithm divides the virtual channels into 2-virtual channel adaptive and 4-virtual channel deterministic parts). It can be seen that the adaptive routing algorithm has improved the average message latency compared to the deterministic routing. The improvement is more significant in high-traffic regions where adaptivity resolves contentions more effectively. Fig. 5 . The average message latency of the deterministic and adaptive routing algorithms in a 64-node 2D SEM using 6 virtual channels per physical channel with a) 32-flit messages and b) 64-flit messages.
a) b)
As mentioned before, the effect of wire lengths in power consumption is considered in the calculation of consumed power by Orion. Based on the core size information presented in (Mullins et al., 2006) , we set the side size of the cores of our simulated 88 NoCs to 2 mm. The length of the shuffle wires in the 2D SEM is set based on the number of cores they pass. Figure 6 displays the power consumption of the mesh and 2D SEM networks using deterministic routing scheme in the scenario used in figure 4. As can be seen in the figure, the proposed 2D SEM topology can effectively reduce the power consumption of the NoC. The main source of this reduction is the long wires which bypass some nodes and hence save the power which is consumed in intermediate routers in an equivalent mesh topology. Note that when the mesh network reaches to its saturation region, the 2D SEM network still can handle the traffic and thus the saturation rate for the 2D SEM is higher than that in the mesh. The extra messages communicated in the network have increased the total power consumption in the 2D SEM after the saturation rate of the mesh network. This is of course natural to have more energy consumed for higher traffic crates. a) b) Fig. 6 . The power consumption of 64-node mesh and 2D SEM NoCs using deterministic routing and 4 virtual channels per physical channel with a) 32-flit and b) 64-flit messages.
The area estimation is done based on the hybrid synthesis-analytical area models presented in (Mullins et al. , 2006; Kim et al., 2006; Kim et al. 2008) . In these papers, the area of the router building blocks is calculated in 90nm standard cell ASIC technology and then analytically combined to estimate the router total area. Table 1 outlines the parameters. The analytical area models for NoC and its components are displayed in Table 2 . The area of a router is estimated based on the area of the input buffers, network interface queues, and crossbar switch, since the router area is dominated by these components. The area overhead due to the additional inter-router wires is analyzed by calculating the number channels in a mesh-based NoC. A n×n mesh has 2×n×(n-1) channels. The 2D SEM has the same channels as mesh with longer wires. In the analysis, the lengths of packetization and depacketization queues are considered as large as 64 flits. In Table 3 , the area overhead of 2D SEM NoC is calculated for 88 network size in a 32-bit wide system. The results show that, in an 88 mesh, the total area of the 2mm links and the routers are 0.0633 mm 2 and 0.1089 mm 2 , respectively. Based on these area estimations, the area of the network part of the 2D SEM network shows a 27% increase compared to a simple 2D mesh with equal size. Considering 2mm×2mm processing elements, the increase in the entire chip area is less than 2%. Obviously, by increasing the buffer sizes, the network node/configuration switch area increases, leading to much reduction in the area overhead of the proposed architecture. 
Parameter
Conclusion
The mesh topology has been used in a variety of interconnection network applications especially for NoC designs due to its desirable properties in VLSI implementation. In this chapter, we proposed a new topology based on the shuffle-exchange topology, the 2D shuffle-exchange mesh (2D SEM), and conducted latency and power consumption comparative simulation experiments for the proposed topology and mesh network. Simulation results showed that the 2D SEM can improve the latency of the network especially for high traffic loads. The power consumption in the 2D SEM is also shown to be less than that of the equivalent mesh network. We also analyzed the effects of the various wire lengths in the implementation of the 2D SEM. Finding an optimal mapping scheme for the 2D SEM NoCs and also a VLSI layout based on the design considerations in deep sub-micron era is the future work in this line.
